Bacteriological effects of hydraulically dredging polluted bottom sediment in the navigation channel of the Upper Mississippi River (river mile 827. 5 [about 1,332 km] to 828.1 [about 1,333 km]) were investigated. Bottom sediment in the dredging site contained high total coliform densities (about 6,800 most-probablenumber total coliform index per g [dry weight] and 3,800 membrane filter total coliforms per g [dry weight]), and fecal coliforms comprised an average 32% of each total coliform count. Total coliform and fecal coliform densities in water samples taken immediately below the dredge discharge pipe were each approximately four times corresponding upstream vaules; fecal streptococcus densities were approximately 50 times corresponding upstream values. Correlation analysis indicated that mean turbidity values downstream to the dredging operation were directly and significantly (r > 0.94) related to corresponding total coliform, fecal coliform, and fecal streptococcus densities. Salmonellae and shigellae were not recovered from either upstream or downstream water samples. Turbidity and indicator bacteria levels had returned to predredge values within less than 2 km below the dredge spoil discharge area at the prevailing current velocity (about 0.15 mWs).
The microbiological effects of hydraulic dredging were first investigated and reported by my laboratory in 1974 (21) . That report concerned a maintenance dredging operation conducted in navigation pool no. 8 of the Upper Mississippi River. Fecal coliform (FC) concentrations in water samples collected downstream (about 0 to 1 km) from the dredging were significantly greater than in upstream samples. Increased counts in downstream samples were attributed to the disturbance and relocation of bottom sediment by dredging with concomitant release of sediment-bound FC to the overlying water column.
Enteric pathogens and indicators other than FC are continually entering the Upper Mississippi River; once present, they are subject to sedimentation. This is given credence by noting that one of two swimming-associated outbreaks of shigellosis that occurred in the United States between 1961 and 1975 (9) was attributed to swimming in the Dubuque, Iowa, stretch of the Upper Mississippi River (6, 34) . The outbreak (45 cases) was caused by Shigella sonnei and was epidemiologically linked to swimming in that heavily contaminated reach of the river (mean FC count was 17,500/100 ml). It is reasonable to assume that sediment beneath this water contained high numbers offecal indicators and enteric pathogens (24, 37) , and such organisms have been shown to persist in sediment for significant periods of time (19, 20, 24, 35, 37 ; P. LaLiberte and D. J. Grimes, manuscript in preparation).
Presumably, if dredging promotes resuspension of sediment bound FC, it should resuspend all sedimented bacteria, including other fecal indicators and enteric pathogens. However, this supposition has not been documented in published literature. For this reason, a study was undertaken in the summer of 1976 to determine the bacteriological effects ofhydraulically dredging bottom sediment known to be heavily contaminated with metropolitan sewage effluent.
(The data in this paper were presented in part at the 78th Annual Meeting of the American Society for Microbiology, Las Vegas, Nev., May 1978. The data are also part of a Great River Environmental Action Team report [ onto XLD agar at 24 h. Typical colonies were transferred to triple sugar iron agar slants (Difco), and all alkaline/acid cultures were checked for urease activity in urea agar (Difco). Urease-negative cultures were streaked onto MacConkey agar (Difco) to ensure purity; typical, isolated indophenol oxidase-negative colonies were transferred to tryptic soy agar slants (Difco). These slant cultures were then Gram stained and characterized by using SIM medium, Simmons citrate agar, MRVP broth, phenylalanine malonate broth, gelatin, and lysine decarboxylase medium (all from Difco). Cultures giving reactions consistent with Salmonella and Shigella (11) and three positive control Salmonella were then grown on veal infusion agar (Difco) and serogrouped with salmonella 0 antisera (Difco).
RESULTS
Indicator bacteria. All sediment samples except E-2 contained large amounts of organic silty clay. Sample E-2 was predominantly medium sand. The sediment samples contained high densities of the two coliform groups, but relatively low numbers of FS. dredged material disposal sites (Fig. 1) . FC/FS ratios were all high (all but three were indicative of human pollution), and FC counts averaged 43% of each TC count (Table 2) . Samples below the effluent pipe had higher turbidities and indicator bacteria concentrations than upstream or far-downstream samples. Because of this phenomenon, the data shown in Table 2 were arithmetically averaged according to sample position and then graphed (Fig. 2 ). There was a close, direct relationship among the four curves in Fig.  2 . For this reason, linear regression analyses were performed, using turbidity (average values used in Fig. 2 indicator bacteria (average values used in Fig. 2 (14) . Furthermore, five of the water samples exceeded the average recommended for all waters, 2,000 FC per 100 ml (14) . These recommended standards have been adopted and implemented by several states, including Wisconsin (36) .
The observations that sediment FC comprised on the average 32% of each sediment TC count (Table 1) and that FC densities in water averaged 43% of the TC densities ( (29) .
The FC/FS ratios were another definitive line of evidence supporting the statement that gross human pollution was responsible for the poor water quality observed in this study. Ratios greater than 4.0 are significant because they indicate human fecal pollution (18) . Animal (nonhuman) fecal pollution is suspected if ratios are less than 0.7; if ratios fall between 0.7 and 4.0, a mixture of human and animal pollution is suspected (18) . To ensure validity, interpretations based on these ratios must be applied to streams that have received fecal pollution within 24 h before sampling (18) . Furthermore, ratios developed from data in which FS densities are less than 100 per 100 ml are of dubious value. This is because the ubiquitous Streptococcus faecalis var. liquefaciens is predominant when FS densities are very low (18 (38) , sterile, artificial seawater pressurized at 1,000 atm (4), and water under natural conditions at 00C in an ice-covered river (10) . Recently, Kibbey et al. showed that S. faecalis survived for long periods of time (at least 12 weeks) in cool, moist soil (27) . In addition, it has been demonstrated that coliforms can grow in water and sediment if sufficient nutrients are available (19, 25, 26 ; LaLiberte and Grimes, manuscript in preparation); Geldreich, however, feels the natural occurrence of this phenomenon is rare (17) . Although exhibiting better survival than coliforms, FS apparently do not multiply in natural water (28) . Thus, the very high FC/FS ratios in sediment may have reflected both prolonged survival of low numbers of FS entering the river and aftergrowth of sedimented FC.
Comparison of the MPN indices with MF densities (Table 1) revealed nothing conclusive other than the fact that MPN values were higher than corresponding MF numbers. This observation has been made by almost every laboratory that has ever compared MPN with MF values. The accuracy of using MF on a sediment elutriate (12, 13) cannot be evaluated on the basis of the few tests performed in this study (Table 1) . However, the precision obtained between MF replicates was excellent, and Grimwood and McGhee (22) showed the elutriate test to be accurate for predicting levels of chemicals released to water by dredging underlying sediment.
Two points of clarification must be made concerning Table 1 . First, it should be emphasized that the data are values per 1 g (dry weight) rather than per 100 g (or 100 cm3) (wet weight) as some workers prefer to use (19, 35, 37) . If, however, the mean FC values in Table 1 are corrected to 100 g (wet weight), they show the same relationship to FC densities in overlying water that was observed by VanDonsel and Geldreich (37) . There were 100 to 1,000 times as many FC in mud as in overlying water. Second, the low values observed for sample E-2 were probably due to its sandy composition. Sand sediments usually contain smaller numbers of bacteria per unit weight than do mud (organic silty clay) samples.
Although there were no confirmed salmonella or shigella isolations, it is highly improbable that they were absent from bottom sediment and water of the study area. Both salmonellosis and shigellosis are endemic to the Minneapolis-St. Paul area, and agents of these diseases would be expected to enter the Mississippi River from this large point source. This statement can be made because, as with FC, small numbers of salmoneilae and shigellae can survive secondary sewage treatment and subsequent chlorination (5, 17) . Also, the Pigs Eye plant is inefficient and often bypasses large volumes of raw sewage to the Mississippi River during periods of heavy rainfall (31); this would introduce pathogens from both raw sewage and urban stormwater (17) . Another source of salmonellae, but not shigeilae, would be from feces of wild and domestic animals in the watershed. Survival of salmonellae in mud closely parallels that of FC (37) , and in water salmonellae and shigellae persist as long as do FC (18), if not longer (30, 38) . Moreover, studies have shown that salmonellae, like coliforms, can grow in surface water (7, 25, 26) . VanDonsel and Geldreich found that when FC densities in water ranged from 200 to 2,000 per 100 ml, 50% of the bottom sediment samples from such areas were positive for salmonellae; they obtained a median of 1 MPN Salmonella organism in mud per 150 FC in overlying water (37) . In another study, Geldreich reported that a similar relationship existed for FC and salmonellae in water. He found that when FC densities in water ranged from 200 to 2,000 (per 100 ml), 70.3% of the water samples were positive for Salmonella (16) . In the present study, all water samples contained more than 200 fecal coliforms per 100 ml of water (Table 2) . Furthermore, 37 .5% of mud samples and 73% of the water samples yielded biochemically presumptive salmonellae or shigeilae. These precentage recoveries were in close agreement with those reported by Geldreich (16, 37) and suggested that some of the isolates should have been confirmed as Salmonella or Shigella species.
Lack of serological confirmation could partially be due to the fact that only typical colonies were picked for characterization. Andre et al. demonstrated that prolonged exposure (longer than 3 or 4 days) of salmonellae and shigellae to farm pond water changed their colonial morphology on differential selective media (2) . Furthermore, the large number of samples processed in this study made it impossible to pick all typical, much less atypical, colonies from the two primary isolation media. Finally, the volume of water filtered (100 ml of water and 10 ml of elutriate) may have been too small to ensure isolation of salmonellae and shigellae. This is especially true when considering that each padmembrane pair was cut in half for processing. In effect, enrichment for salmoneilae was carried out on the filtrate from only 50 ml of water sample (or 5 ml of elutriate), as was enrichment for shigellae. The use of a small volume was unavoidable, however, because of experimental design and turbidity of the water. It took approximately 2 h to filter 100 ml of the turbid water or 10 ml of elutriate with the pad-membrane combination. Only one three-place manifold was available for this purpose, which meant that at least 21 h was required to process the 32 samples (this did not include funnel sterilization time). Volumes of 100 and 10 ml were therefore selected with the idea that if samples were sufficiently contaminated, they would yield salmonellae or shigellae if present. This unavoidable mistake illustrates that large volumes of water should always be filtered for successful isolation of salmoneilae and shigellae (1) . The hypothesis that salmoneilae were present in this stretch of the river was confirmed the following year (July 1977) in another dredge study conducted 11 km downstream from this one. Salmoneilae were isolated, serologically confirmed, and grouped from 17% of downstream 500-ml water samples (Grimes, (8, 23) and resist desorption (33) . Thus, hydraulic dredging probably caused the significant effects observed in Table 2 and Fig. 2 (6, 34) . It is now impossible to retrospectively link this dredging activity to the outbreak. Moreover, water in the Nine Mile Island area was, in itself, sufficiently contaminated (17,500 FC per 100 ml) to have been considered a possible source of Shigella sonnei (34) . However, in light of the data presented in this paper, it is justifiable to suggest that dredging contributed both to the area water pollution and to the waterborne shigellae.
In conclusion, it should again be noted that neither turbidity nor bacteriological effects of dredging extended far downstream (Table 2 and Fig. 2 ). Within less than 2 km below the dredge spoil discharge area, the river had recovered from the effects of dredging. In fact, data suggest that water quality 2 km downstream and beyond became progressively better than upstream water quality (Table 2 and Fig. 2 ). This was probably due to natural sedimentation of suspended materials. However, it is possible that dredgesuspended particles could have served as new adsorptive surfaces in the water column, thereby increasing the rate of adsorption or flocculation (with subsequent sedimentation) of normal suspended, planktonic (unattached or epipsommic) indicator bacteria. Based on the results of this study, GREAT I made the following recommendation in their 1978 report: "If sediment samples are found to contain 100 or more fecal coliforms (mf) per gram (dry wt), every reasonable effort shall be made to alert downstream users for a distance of 2 miles of the intention to dredge."
